Measurements of the coherence factor R K3π , the average strong-phase difference δ 
Introduction
Knowledge of the D → K − π + π + π − coherence factor and associated hadronic parameters is necessary for a measurement of the unitarity triangle angle γ (also denoted φ 3 ) in
(The symbol D is used to denote a neutral charm-meson that is not in a flavour eigenstate, or where the flavour eigenvalue is not relevant for the discussion.)
The coherence factor R K3π and average strong-phase difference δ K3π D for the decay D 0 → K − π + π + π − are defined as follows [1] :
where A K ± π ∓ π + π − (x) is the decay amplitude of D 0 → K ± π ∓ π + π − at a point in multi-body phase space described by parameters x, and
Therefore A K − π + π + π − is the Cabibbo-favoured (CF) amplitude, averaged over phase space, and A K + π − π + π − is the corresponding doubly Cabibbo-suppressed (DCS) quantity. The coherence factor takes a value between 0 and 1. It is also useful to define the parameter r Throughout the discussion charge conjugation is implicit, the good approximation is made that CP -violation can be neglected in D 0 mixing and decay [2] , and expressions are given in the convention CP |D 0 = |D 0 . The role of the hadronic parameters in measurements sensitive to γ can be appreciated by considering the decay of B ∓ mesons to a neutral charmmeson, reconstructed in the inclusive K ± π ∓ π + π − final state, and a charged kaon. Neglecting small corrections from D 0D0 mixing, which can be included in a straightforward manner [3] , the decay rates are given by:
Here r B ∼ 0.1 is the absolute ratio of B − →D 0 K − to B − → D 0 K − amplitudes. The phase difference between these two amplitudes is (δ B − γ), where δ B is a CP -conserving strong phase. The coherence factor, which is replaced by unity in the equivalent expression for a single point in phase space or two-body D-meson decays, modulates the size of the interference term that carries the dependence on γ.
The hadronic parameters can be measured in the decays of coherently produced DD pairs at the ψ(3770) resonance [1] , such as are available in the data sets collected by the CLEO-c and BESIII experiments. A doubletag technique is employed where one meson is reconstructed in the signal decay D → K − π + π + π − , and the other in a tagging mode, for example, a CP eigenstate. This method was applied by the CLEO collaboration to obtain first constraints on R K3π and δ 
where t is the proper decay time, τ is the mean
, and x and y are the commonly used mixing parameters, defined for example in Ref. [2] . As noted in Refs. [10, 11] , a measurement of r K3π D , a and b can either be used to determine x and y, given external information on R K3π and δ is also needed to help understand the contribution of D → K − π + π + π − decays to the width difference in the D 0D0 system [13] . This Letter reports a new analysis of D → K − π + π + π − decays in the CLEO-c data set, and benefits from an updated Monte Carlo simulation sample to correct a biased estimate of the background contamination in several sets of double tags that afflicted the results reported in Refs. [4, 5] . In addition, the quasi-CP -eigenstate
is included as a new tagging mode to augment the sensitivity of the analysis. Furthermore, an error is corrected in the formalism used to interpret the yields found with the
The observables from this new analysis are then used to 1 The error is present in Ref.
[5] and also in the previously posted version of this paper.
determine updated constraints on the hadronic parameters. Finally, a global fit is made to the observables from this study and those measured in D
0D0
mixing by LHCb, to obtain more precise results for the 
Measuring the hadronic parameters with CLEO-c data
In this section the observables sensitive to the hadronic parameters are reviewed, and a new analysis of the CLEO-c data set is presented that updates the measured values with respect to those reported in Ref. [5] . Information on the hadronic parameters is then obtained from a fit to the updated measurements.
Observables
Two categories of observables exist, both based on double-tagged measurements in which one D meson decays to the signal mode K − π + π + π − , and the other decays to a tagging mode. In the first category the tagging modes are two-body or higher multiplicity final states, which are treated in an inclusive fashion. In the second case, the tagging mode is the self-conjugate final-state K 0 S π + π − and yields are measured in different phase-space bins of this tagging decay, defined in the plane of the Dalitz plot.
In the category involving inclusive tags, so-called ρ observables are constructed, which are the ratio of the measured double-tag yields, after background subtraction and efficiency correction, to the yields expected in the absence of quantum-correlations. 
This is the ratio involving
The deviation of any of the ρ observables from unity or ∆
K3π
CP from zero is indicative of a non-zero coherence factor. Recalling that r 
(In Ref.
[5] this expression is written with an incorrect sign before the term
Here H K3π is a bin-independent normalisation factor and K i is the fractional yield of D 0 decays that fall into bin i. The parameters c i and s i are the amplitude-weighted averages over bin i of cos(∆δ D ) and sin(∆δ D ), respectively, where ∆δ D is the strong-phase difference between the
0D0 mixing effects, which is appropriate for double-tag yields arising from ψ(3770) mesons produced at rest in the laboratory, as is the case for the CLEO-c experiment [18].
Yield determination and results for observables
An 818 pb −1 data set of e + e − collisions produced by the Cornell Electron Storage Ring (CESR) at √ s = 3.77 GeV and collected with the CLEO-c detector is analysed. The CLEO-c detector is described in detail elsewhere [19] . In addition, simulated Monte Carlo samples are studied to assess possible background contributions and to determine efficiencies. The EVTGEN package [20] is used to generate the decays and GEANT [21] is used to simulate the CLEO-c detector response.
To ensure full understanding of all the inputs to the analysis, the selection of all double tags involving the decay
− is re-performed, although the selection criteria are intended to be identical to those reported in Refs. [4, 5] . The full list of final states reconstructed is given in Table 1 ,
A single new addition to the list of tag modes is the abundant decay D → π + π − π 0 , which has recently been measured to be very close to a CP eigenstate, with a CP -even fraction of F The most significant change in the analysis concerns the sample of simulated inclusive D 0D0 events used to estimate the contamination from specific background decays that occur in or close to the kinematic region where the signal peaks. The sample in the new analysis is a factor of two larger than that used in the original studies and benefits from updated knowledge of branching fractions. The singly Cabibbo-suppressed modes
(here specifying explicitly the two final states) are a dangerous source of 
Kπ,LS and ρ
K3π
Kππ 0 ,LS observables since
∼ O(10 −3 ) [22] . These modes were incorrectly simulated in the old Monte Carlo sample, being generated at a rate that was a factor of three lower than the measured branching fractions [22] , and with a resonant substructure that poorly matches experimental results [23, 24] . Both of these deficiencies are corrected in the new simulation. Figure 1 shows the invariant mass of the π + π − combinations, summed over all like-sign double tags, for both data and simulation. The selection requirements include a K 0 S veto on the π + π − combination in the signal-decay candidate to suppress
A clear peak is seen from the residual background surviving the K 0 S veto, which is well modelled by the new Monte Carlo sample, but was previously described poorly. (The old Monte Carlo simulation also contained other deficiencies, apparent from poor agreement in other regions of the π + π − mass spectrum, but these did not impact directly upon the analysis.)
The event yields after background subtraction are presented in Table 2 . When appropriate, the contamination from peaking background is corrected for the small effects of quantum-correlation, which are not simulated in the Monte Carlo. The contribution of non-peaking background is determined in a data-driven manner, as in the original analysis [4]. The yields for
are all significantly lower than previously reported, because of the revised estimate for the level of D → K 0 S K ∓ π ± contamination, which is the dominant source of background for these double tags, and is now determined to comprise around 36%, 30% and 30%, respectively, of the selected events in each of the three samples. For all the other classes of double tags, where the mean purity is in excess of 95%, the differences in results with respect to the earlier analysis are either negligible, or small and well understood.
The normalisation for the like-sign observables is performed through measurement of the corresponding opposite-sign yields (e.g.
, which are negligibly modified by quantum-correlation effects, and from knowledge of the ratios of the relevant charm-meson branching fractions. The normalisation for the CP observables ρ
CP ± is performed in one of two ways. For the D → K + K − and D → π + π − tags the expected number of events in the incoherent limit is calculated through knowledge of the branching ratios, the total number of DD events, as determined through the yield of opposite sign double-tags, and the reconstruction efficiency, as measured from simulation. For the other tags, where the branching fractions and reconstruction efficiencies are less well known, the normalisation makes use of the corresponding number of events where the CP -tag is reconstructed together with a D → K − π + decay. This treatment requires corrections for quantum-correlation effects in the normalisation mode, which introduces minor dependence on the D 0D0 mixing parameters and the ratio r Table 3 . There are several small updates with respect to the values used in Ref.
[5], none of which induce significant changes on the results.
The assignment of systematic uncertainties for the inclusive tags follows Mode 
[22] Table 4 . The χ 2 for the twelve measurements in the ∆
CP combination is 10.3, which indicates good compatibility. The result for ∆ K3π CP is around 1σ lower than formerly. This shift can almost wholly be attributed to the inclusion of the D → π + π − π 0 tag, which returns a value for ρ
CP + lower than that of the other CP -even tags, although still compatible. If this contribution is excluded then the average result becomes ∆ K3π CP = 0.087 ± 0.018 ± 0.023, which is in excellent agreement with that found in Ref. [5] .
All the values of the like-sign observables, also presented in Table 4 , are around 1.5σ lower than before. These shifts are a consequence of the improved understanding of the background involving D → K Each double-tagged event involving D → K 0 S π + π − decays is subjected to a mass-constrained fit of the tagging candidate in order to determine more reliably its location in the Dalitz plot, and hence the bin assignment. The background contamination in this sample is below 10% in all bins. A large sample of Monte Carlo signal events is used to determine the relative bin-tobin efficiencies, which all differ by less than 5%. The resulting values of the Y i observables, after background subtraction and relative efficiency correction, are presented in Table 5 . All sources of systematic bias are negligible compared with the statistical uncertainties.
Fit to the coherence factor and average strong-phase difference
The measured values of the These four latter parameters are therefore also floated in the fit, but with Gaussian constraints to the values of external measurements. The ratio of the 'wrong sign' to the 'right sign' decay-time integrated branching fractions,
, is an important additional measurement. This observable can be related to r 
The values of the external measurements taken for the ratios of the branching fractions, and for the Gaussian constraints of the additional fit parameters, are listed in Table 3 .
Equation 5 is used to interpret the Y i observables in terms of R K3π , δ were not fit parameters. The change of strategy is motivated by the importance of these parameters in the γ determination, and by the additional information made available through the LHCb is limited by the knowledge of the ratios of the branching fractions, rather than the CLEO-c data. Also shown are the previously reported results from Ref. [5] . A significant change is observed in the value of the D → K − π + π + π − coherence factor, which is about 1σ higher than previously. This shift is mainly driven by the change in the like-sign observables. A large change is also found in the central value of δ ) parameter space are shown in Fig. 3 . In making these plots the values of R and δ D are fixed, while all other parameters are refitted to obtain ∆χ 2 , the change in χ 2 with respect to the lowest value found. The LHCb collaboration has performed a study of the time-dependence of the ratio between
Bin
. Several sets of results are reported, including those given in Table 8 
Parameter
Result r the CLEO-c observables, therefore motivating a combined fit of both sets of measurements.
Combined fit
The fit described in Sect. 2.3 is repeated with the LHCb D 0D0 -mixing results (reported in Table 8 ) included as additional input measurements. The best fit values for the hadronic parameters, and the associated correlations, are presented in Tables 9 and 10 , respectively. The reduced χ 2 of the fit is 33.5/36. Figure 5 shows the three possible sets of two-dimensional scans in the D → K − π + π + π − hadronic-parameter space; also shown is a scan of (R Kππ 0 , δ 
value with respect to that returned by the CLEO-c fit. In this region the 1σ bound on δ K3π D is weaker, although the results for this parameter become significantly more Gaussian in behaviour. The reduction in the uncertainty on r K3π D is largely driven by the correlation with the mixing parameters x and y, which are constrained through external measurements in the fit. As expected there are only minor changes in the D → K − π + π 0 results compared to those obtained from the fit to the CLEO-c observables alone.
Conclusions
A re-analysis of the CLEO-c ψ(3770) data set has yielded an updated set of observables sensitive to the hadronic parameters of the decay that are significantly more precise than those derived from the CLEO-c observables alone. New values and constraints are also determined for the hadronic parameters of the decay D → K − π + π 0 . These results will be valuable for improving sensitivity to the unitarity tri- inclusive observables is presented in Table A .11. The Y i observables are all uncorrelated. 
